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Objective:Themaximal strain, stress, elastic modulus, and stress-strain curve fitting of abdominal aortic aneurysms (AAA)
and bidirectional nonaneurysmal abdominal aorta (NAA) were measured and analyzed to obtain the ultimate mechanical
properties, the more approximate stress-strain curve-fitting, and the elastic modulus formula of AAA and NAA.
Methods: Fourteen human AAA samples were harvested from patients undergoing elective aneurysm repair. Twelve NAA
samples comprised of six longitudinal-circumferential pairs of NAA from six cadaveric organ donors were used as
controls. Samples were mounted on a tensile-testing machine and force was applied until breakage occurred. Themaximal
strain, stress, and elastic modulus were calculated and a stress-strain curve was plotted for each sample. Exponential and
second-order polynomial curves were used to fit the stress-strain curve, and the means were estimated by comparing the
R2 (coefficient of determination that represents the strength of a curve fitting). Coefficients of elastic modulus were
calculated and analyzed, and the incremental tendency of each modulus was evaluated by comparing the difference of
coefficients.
Results: There was no significant difference in maximal stress among AAA, circumferential aortic aneurysms (CAA), and
longitudinal aortic aneurysms (LAA). However, AAA maximal strain was significantly less (P < .01) than that of
bidirectional NAA. AAA maximal elastic modulus was significantly greater than that of CAA and LAA (P < .01 and .05,
respectively). R2 of AAA for second-order polynomial curve was significantly greater (P < .05) than that for the
exponential curve. For the elastic modulus formula from the second-order polynomial curve, E  2ax  b, the average
value of a for the AAAwas significantly greater (P< .01) than that for the bidirectional NAA, but there was no significant
difference (P > .05) among the three groups for the average value of b.
Conclusions: Tensile test measurements can successfully analyze ultimate mechanical properties of AAA and NAA. AAA is
stiffer and less distensible than NAA under the same maximal stress. Second-order polynomial curve fitting provides a more
approximate description for AAA stress-strain curve than exponential curve fitting does. Formula variables a of the elastic
modulus formula from second-order polynomial curve fitting can determine the incremental tendency of the elastic modulus,
while b has negligible effect on the incremental tendency of the elastic modulus. (J Vasc Surg 2008;48:189-95.)
Clinical Relevance: AAA is a high rupture risk disease of central artery. Analyzing AAAs and NAAs wall mechanical
properties may help us to understand the extension and rupture mechanism of AAA. We utilized biomechanics technique
and mathematics method to compare AAAs and NAAs, the maximal mechanical properties, the stress-strain curve-fitting
modes, and the elastic modulus formula coefficients. The optimum parameters of AAAs and NAAs mechanical properties
could be reliably and easily used for predicting of AAA rupture risk.Abdominal aortic aneurysm (AAA) is defined as a per-
manent localized dilation of the aorta constituting at least a
50% increase in normal diameter.1 If untreated, the aneu-
rysm diameter will continue growing at an average annual
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doi:10.1016/j.jvs.2007.12.053rate of 0.4 cm until rupture.2 Rupture may involve in-
creased wall stress3,4 and/or decreased wall ultimate
strength.4-6 Biomechanically, AAA rupture is an end stage
failure of the diseased aortic wall and occurs when the wall
stress exceeds the strength of the tissue. Therefore, under-
standing the wall stress distribution may help ultimately
predict AAA rupture.4,7-16 Measurement and analysis of ulti-
mate mechanical properties and elastic modulus formula of
AAA and NAA could supply parameters for analysis of AAA
wall stress distribution and predicting rupture of AAA.
Finite element method (FEM) is a computer-based
method for solving complex structural problems, which has
been used in the determination of the three-dimensional
geometry of the AAA under analysis and in the develop-
ment of a realistic and nonlinearly elastic model.3,4,9,17-19Wall stress calculation is considered to be a significant
189
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rupture. The only previously-performed analysis involving
exponential fitting of AAA stress-strain curves showed that
AAA walls are less distensible and stiffer than bidirectional
nonaneurysmal abdominal aorta (NAA) walls.1,9,17 Com-
parison of arterial wall stress and ultimate strength permits
a prediction of AAA rupture risk. To accomplish an accu-
rate stress-strain analysis and ultimate strength of AAA, the
ultimate mechanical properties and elastic modulus for-
mula of AAA and NAA walls are necessary. Some mechan-
ical properties of the AAA wall have been previously
reported.4,6,19 However, rigorous studies of ultimate me-
chanical properties and elastic modulus formula of AAA
and NAA have not been performed.
The goals of the present study were to measure the
ultimate mechanical properties (maximal strain, stress, and
elastic modulus), analyze the stress-strain curve fitting, and
determine the more approximate elastic modulus formula
of the AAA and bidirectional NAA walls. This could be
used to calculate the AAA wall stress distribution and
predict the rupture risk of AAA by FEM.
MATERIALS AND METHODS
Tissue types, sampling, and preparation. All proce-
dures were carried out in accordance with guidelines of Sun
Yet-sen University Biomedical Ethics Committee. All tis-
sues were obtained at surgical infrarenal AAA resection and
NAA autopsy. Informed consent was provided in all cases.
Aneurysm specimens were obtained from 14 AAA patients
(11 male, three female, average age 68  6.22 years, AAA
diameter 6.5  1.2 cm). Each aneurysm was sampled
longitudinally at the anterior wall to avoid the differences
between parts of the aneurysm and restriction of surgical
AAA resection and because the tissues obtained from sur-
gery were too narrow to be cut circumferentially.1 Three
strips per case from the same location were tested and the
middle stress-strain curve in the diagram was determined as
the representative curve per case. NAA specimens (n 12)
were collected from six age-matched cadaveric organ do-
nors (three male, three female, average age 65  4.33
years). Since arterial walls are anisotropic mechanical prop-
erties, they are best determined in both circumferential and
longitudinal directions. Six NAA specimens were longitu-
dinally oriented and six were circumferentially oriented
with six longitudinal-circumferential pairs from the same
region of the infrarenal abdominal aorta. Tissues were
stored in 0.9% saline at 4°C until examination, which was
within 2 days after collection. The tissues were gently
washed in heparinized phosphate buffered saline before
cutting. Unloaded specimen length and width were deter-
mined using a dial caliper, and specimen thickness was
ascertained microscopically. Because the thickness of the
tissue varied along the strips, five measurements were taken
for each strip, and the average value was used as the
thickness of each strip. The product of width and thickness
was used as the reference cross-sectional area.
Tensile testing. AAA and NAA wall material are in-
compressible1 and most likely undergo nonlinear largedeformation.1,4,20-22 AAA and NAA strips were mounted
between two clamps covered with plastic membrane to
prevent slippage or destruction and were immersed in 0.9%
saline. A nebulizer was used to generate mist of 0.9% saline
to keep the specimens wet. The assembly was connected to
a biological material testing machine (MTS 858 Mini Bio-
nix, Minneapolis, Minn), and the test was performed at
room temperature (Fig 1) as described previously.1 To
eliminate the effect of stress relaxation of the tissue during
the test, preconditioning of each specimen was carried out
at a loading rate of 3mm/min to a peak strain of 10% for 10
cycles. The original length (L) was not recorded at zero
load, although it was stretched. When the tissue was mini-
mally elongated (L0), the machine started loading (F)
(Fig 1). The tissue was stretched at a constant rate of 3
mm/min until the strip broke, and the elongation and load
were recorded (sampling frequency: 10 Hz) using Power
Test ver. 3.0 software ( MTS 858 Mini Bionix, Minneapo-
lis, Minn) that was linked with the test unit.
Calculation of stress and strain. Elongation and load
data were transferred to Excel 2003 software (Microsoft,
Redmond, Wash) and plots of stress vs strain were pro-
duced (Fig 2) after processing by Power Test ver. 3.0. The
first wave or an abrupt decline in the smooth stress-tensile
curve was indicative of tissue breakage. The slope rate of the
“curve” at any point represented the variational elastic
modulus. Stress () is defined as force per unit area  
F/A, where F is the force and A is the cross-sectional area of
the tissue strip. Because the tissue undergoes pronounced
deformation during testing, the cross-sectional area de-
creases as the strip is stretched. To calculate the actual
cross-sectional area, it is assumed that the volume of the
tissue is conserved1 with Poisson’s ratio of 0.5.23 Thus, the
cross-sectional area can be calculated as A  LWH/
(LL), where W is the width of the tissue, H is the
thickness, and L is the elongation. Accordingly,  is
calculated as   F/A  F/(LWH/[LL]). Strain (ε) is
defined as ε  L /L. According to Fig 1, true elongation
and original length of each tissue is LL0 and LL0,
respectively. Thus, A is modified as A  (LL0)WH/
(LL0LL0)  (LL0)WH/(LL) and  is modi-
fied as   F/A F/((LL0)WH/[LL]). Strain (ε) is
also modified as ε  (LL0)/(LL0). L0 could be de-
fined in the computer record (Fig 3). Because the incre-
mental elastic modulus (E) at any point of the curve is equal
to the value of the slope, it can be obtained by E 
d/(dε). The ultimate stress and strain are defined as the
maximum stress and strain prior to failure, respectively. The
maximal elastic modulus is defined as the maximum slope
of the stress-strain curve before specimen failure.
Curve fitting. Curve fittings were done using Excel
2003. Fitting of the whole dots with an exponential curve
utilized the fit formula y  aebx; (a and b are parameters)1
since the AAA wall is a nonlinear material.1,22 We fit data
with both an exponential curve and a second-order poly-
nomial curve (y ax2 bx; a and b are parameters) with an
intercept of zero by least squares and obtained the elastic
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approximate fitting curve.
Statistical analyses. SPSS ver. 11.0 (SPSS, Chicago,
Ill) was used for all statistical analysis in this study. One-way
analysis of variance (ANOVA) with a post hoc test was used
to compare the various mechanical parameters and elastic
modulus formula parameters among AAA and bidirectional
NAA. Student t test was used to compare R2 between AAA
and bidirectional NAA. P .05 was accepted as statistically
significant.
RESULTS
The width and the length of each strip, measured in 1
mm divisions, were 5 mm and 20-25 mm, respectively, and
microscopically-determined thickness was 1.5-1.9 mm.
Maximal strain, stress, and elastic modulus determina-
tions of each specimen (Fig 3) did not reveal any significant
differences (P  .05; Student t test) between the groups.
One-way ANOVA revealed that the maximal strain of AAA
was significantly less (P  0.01) less than that of bidirec-
tional NAA, and that the maximal elastic modulus of AAA
was significantly greater than that of circumferential aortic
aneurysms (CAA) and longitudinal aortic aneurysms (LAA)
Fig 1. Tissue tensile test and the curves of pull force-d
diagram of the tensile stress test. Tissue was mounted
elongation. The original length (L) was not recorded at
was done when the tissue was slightly elongated (L0). Thu
respectively. Strain, ε, is modified as ε  (LL0)/(L
identified the original length and dot P2 identified the el
C, The dots of stress vs strain and the fitting curves of AA
0.0149e27.52x, and R2 was 0.882; the formula of second-
and R2 was 0.9897.(P  .01 and .05, respectively).Exponential curve and second-order polynomial curve
fittings were performed for each sample data, and the
formula and R2 were determined (Fig 2). A paired sample
Student t test showed the R2 of AAA for second-order
polynomial curve was significantly greater (P  .05) than
that of exponential curve, and that there was no significant
difference of R2 in bidirectional NAA between the second-
order polynomial and exponential curves.
The elastic modulus formula E  2ax  b (a and b are
the second and first order parameters, respectively, of the
second-order polynomial formula) was obtained by calcu-
lating the derivative of the second-order polynomial equa-
tion. Curve fittings were done for both AAA and bidirec-
tional NAA wall and the parameters a and b were
determined.
The average value of a for the AAA was significantly
greater (P  .01; one-way ANOVA) than that for the
bidirectional NAA. However, we did not detect a signifi-
cant difference (P  .05) among the three groups for the
average value of b. The results indicated that at the same
strain, AAA was stiffer than bidirectional NAA. Because
AAA a was greater than bidirectional NAA a, the slope of
ement transferred to stress-strain curves. A, Schematic
ween two clamps and stretched at a constant rate of
load, although it had been stretched. Rather, recording
ding and elongation are represented as (F and LL0,
. B, The curve of pull force vs displacement. Dot P1
tion (LL0). From 0 to P1,the tissue was at zero load.
mples. The formula of exponential curve fitting was Y 







orderthe curves and the incremental modulus for AAA were
idire
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strain (Fig 2).
DISCUSSION
The AAA wall is hyperelastic, homogenous, incom-
pressible, and isotropic.4,9,21,23 Presently, we also consid-
ered the AAA wall to be an isotropic material, given that
elastin and collagen load structures degenerate and become
inordinately arranged.1 We, therefore, used the longitudi-
nal AAA wall to represent the mechanical properties of the
bidirectional AAA wall.
Because the stress-strain curves of AAA and NAA are of
the incremental type, the maximal stress, strain, and elastic
modulus are all located in the ultimate strength point.
From the tensile test, we found the maximal strain and
elastic modulus of AAA were greater than those of the
bidirectional NAA walls, although the maximal stress was
not significantly different. These observations suggest that
Fig 2. R2 of curve fitting of mechanical properties and
abdominal aortic aneurysms (AAA) and bidirectional no
curve and second-order polynomial curve fittings were b
determined. R2 of exponential fitting in AAA, circum
aneurysms (LAA) were 0.94 0.04, 0.94 0.06, and 0
0.98  0.01, 0.98  0.01, and 0.99  0.01 (same resp
AAA. B, The elastic modulus formula E  2ax  b (a an
polynomial formula, respectively) was obtained by calc
equation. The a of AAA, CAA, and LAA were 12.63  3
compared with AAA. The b of AAA, CAA, and LAA
respectively. C, Stress-strain diagram and the elastic mod
(blue line) walls. Curves for AAA wall are shifted to left
first order parameters of AAA are greater than those of bthe AAA wall is stiffer and less distensible than the bidirec-tional NAAwall under the ultimate strength, which was not
reported in previous studies.1,24 Our studies of ultimate
mechanical properties of AAA and NAA wall could supply
the mechanical parameters for predicting rupture of AAA
by FEM.
The elastic properties of materials may be better de-
scribed by their elastic modulus. Elastic modulus is defined
as the slope of the stress-strain curve and represents the
elasticity index of tissue. In our study, stress-strain curves
fitting are used to quantitatively analyze the tendency of the
elastic modulus change during specimen elongation. By
this means, the elastic modulus and stress-strain curves for
AAA and bidirectional NAA walls were studied and com-
pared.
The previous comparison of mechanical properties of
AAA, NAA, and intraluminal thrombosis were practically
done by stress-strain diagrams.1,4,19,25-28 Our results show
the stress-strain curves of AAA and NAA are successfully
difference of coefficient of elastic modulus formula of
urysmal abdominal aorta (NAA) walls. A, Exponential
one for each sample data, and the formula and R2 were
tial aortic aneurysms (CAA), and longitudinal aortic
0.01, respectively. R2 of second polynomial fitting were
order). *P  .05, compared with polynomial fitting in
e the second and first order parameters of second-order
g the derivative of the second-order polynomial curve
3.93  2.48, and 4.74  1.74, respectively. **P  .01,
1.10  0.52, 0.714  0.95, and 1.27  0.83,
formula of AAA (black line), CAA (pink line), and LAA












and thcaptured using a second-order polynomial function rather
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ponential and second-order polynomial curve fittings cur-
rently reveal that second-order polynomial curve fitting
provides a more approximate description for the stress-
strain curve of AAA (P .05; Fig 2). This figure also shows
that the second-order polynomial curve has the same fitting
value as the exponential curve in the bidirectional NAAwall
(P  .05). Thus, the second-order polynomial curve is
more reliable and better represents the AAA and NAA
material mechanical properties than the exponential curve,
which had been used before.1 A simple second-order poly-
nomial curve fit with two parameters provide the better fit
for analyzing and comparing the mechanical properties of
AAA and NAA, which is more accurate and easier than the
stress-strain diagrams.1 The obtained elastic modulus for-
mula is a first-order incremental function of the variable
strain; in other words, the elastic modulus increases along
with strain in the proportion of 2a in the elastic modulus
equation E  2ax  b. On the other hand, the elastic
modulus formula from the second-order polynomial curve
fitting (E 2ax b) affords amore accurate approximation
and convenient use in FEM than does the elastic modulus
Fig 3. Mechanical properties of abdominal aortic aneury
(NAA) walls. A,Maximum stress of AAA, circumferentia
(LAA) were 0.93  0.25 N/mm2, 95% CI [0.683, 1.17
N/mm2,and 1.15  0.28 N/mm2, 95% CI [0.872, 1.42
and LAA were 0.32  0.09, 95% CI [0.257, 0.383], 0.6
[0.495, 0.695], respectively. **P  .01, compared with
LAA was 9.14  3.31 MPa, 95% CI [5.831, 12.231]
6.04  2.02 MPa, 95% CI [4.024, 8.057] MPa, respect
with AAA.formula E  abebx derived from exponential curve fitting.1FEM has been used in AAA models to determine
aneurysm size, wall thickness, and geometry to the relative
contribution of wall stress distribution before.9,19,29,30 In
recent years, the experimental mechanical properties and
elastic modulus formula of AAA and bidirectional NAA
have been utilized to determine the wall stress distribu-
tion,12,18,31-33 and utilizing FEM11,18,26 predicts AAA ex-
pansion and rupture. To predict the rupture region, more
mechanical properties from different regions of AAA,NAA,
and intraluminal thrombosis are necessary.16,26,34 Our
study represents an initial effort. To gain more reliable data,
more samples of different materials for testing will be
required.
There was a considerable difference in the mechanical
properties between AAA and bidirectional NAA walls. Al-
though the shape of the AAA stress-strain curve was similar
to that of bidirectional NAA, the former was shifted to the
left and possessed a greater slope. Analysis of the elastic
modulus formula E  2ax  b revealed that a determines
the slopes of the stress-strain curves and b determines the
leftward shift of the stress-strain curves. Furthermore, a
determines the incremental tendency of the elastic modu-
AAA) and bidirectional nonaneurysmal abdominal aorta
tic aneurysms (CAA), and longitudinal aortic aneurysms
/mm2, 1.03  0.33 N/mm2, 95% CI [0.678, 1.358]
/mm2, respectively. B, Maximum strain of AAA, CAA,
.14, 95% CI [0.493, 0.746], and 0.60  0.11, 95% CI
. C, the maximum elastic modulus of AAA, CAA, and
, 3.96  1.67 MPa, 95% CI [2.287, 5.634] MPa and







ively.lus, while b has little effect on the incremental tendency of
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elastic modulus by singular coefficient of first-order func-
tion is the first attempt, which will make AAA wall stress
analysis by FEM easier than before.1,25,26,34
In summary, the mechanical properties of AAA and
NAA can be obtained using the described tensile test.
Second-order polynomial curve fitting provides a more
approximate description of stress-strain relationships than
does exponential curve fitting. By differentiating second-
order polynomial equation, we have produced a simple
formula of elastic modulus for the FEM model. In the
future, with the development of testing techniques, pro-
vided that the multi-axial, not just uniaxial or biaxial35
mechanical properties of AAA and NAA are identified, the
more accurate estimation of AAA wall stress distribution to
evaluate the potential of rupture for patient-specific AAA
will be produced.
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